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Carbon nanotubes ͑CNTs͒ have received much attention due to their properties and many potential applications. Different synthetic methods i have been used to make CNTs. [1] [2] [3] [4] [5] [6] [7] The diameter, growth rate, density, and selective growth of CNTs can now be controlled to some extent. 8, 9 In particular, success in the growth of aligned CNTs in large scale has cleared a major obstacle for their applications as cold cathodes in the flat panel displays. [10] [11] [12] [13] Although the growth mechanism of CNTs is still not clearly understood, metallic catalysts are well known to facilitate CNT growth by CVD methods and increase the nanotube yield with the arc discharge method.
14 However, the metals can also lead to harmful effects such as decreasing the hydrogen storage capability 15 and causing unstable field emission properties. 16 Therefore, it is desirable to develop CVD growth methods that do not require metallic catalysts. Recently, the oxygenassisted growth method 17 has been applied as a nonmetal catalyzed synthetic process for a wide range of semiconducting nanowires. It is reasonable to expect that sulphur, the element below oxygen in the periodic table, might also assist one-dimensional nanomaterial growth under specific conditions.
In this letter, we introduce a CVD process for CNT growth using sulphur-containing gas. This process not only eliminates the need of a metal catalyst, but also leads to the formation of CNTs with a coral-like morphology. Comparing to the conventional CNTs, the special surface structure of the present nanotubes might provide improved performance for electron field emission or other applications. Also, the special surface structure might lead to a stronger interaction with the host materials in composite materials for mechanical applications.
The hot filament CVD system used here is similar to that used to grow diamond films. 18 Cleaned Si ͑100͒ substrates were loaded into the CVD chamber at a distance of about 6 mm below two parallel tungsten filaments. A gas mixture of C 2 H 2 and N 2 premixed with 1% H 2 S and H 2 with a relative mass ratio of 3.5:1.5:95 was fed into the system at a constant flow rate of 200 sccm. The chamber pressure was maintained at 30 Torr. The filaments were heated to 2100°C. A negative bias of 280 V was applied to the substrate. The substrate temperature, as measured with a thermal couple placed its backside, was maintained at 550°C. After a period of 40 min, the bias voltage was switched off and the concentration ratio of the fed gases changed to 2:1:97. Then, the growth of CNTs proceeded for 2-7 h. The deposited samples were characterized by x-ray photoelectron spectroscopy ͑XPS͒, scanning electron microscopy ͑SEM͒, and transmission electron microscopy ͑TEM͒.
A layer of black materials was found to deposit on the silicon substrate. XPS characterization detected just carbon and less than 2% oxygen in the sample. SEM observation showed the deposited materials were curvy and randomly aligned wires/tubes with a diameter in the range of 35-500 nm as shown in Fig. 1͑a͒ . Some wires/tubes can reach 2-5 m in diameter. Compared to the conventional CNTs the major difference is that the present carbon wires/tubes have a coral-like structure with the surfaces covered with a layer of graphite nanoflakes as shown in Figs. 1͑b͒ and 1͑c͒. The structure of these nanoflakes is similar to that in the carbon nanoflake films previously reported, 19 which consisted of petal-like graphite flakes with a thickness of about 5-15 nm and a size of several hundred nanometers in the other two dimensions. They are almost perpendicular to the surface of wires/tubes as shown in Fig. 2͑a͒ . The inset in Fig. 2͑a͒ is a selected area electron diffraction pattern taken from the nanoflakes of thick wire/tubes, which is well matched to that of CNTs and graphite. High-resolution transmission electron microscopy ͑HRTEM͒ image in Fig. 2͑b͒ shows clearly that these nanoflakes consist of almost perfect graphite layers. They gradually become thinner from the root to the top. Figures 2͑c͒ and 2͑d͒ show the HRTEM images taken from both bending and straight regions of the deposited CNTs. The tubes have a bamboo-like structure with the outer walls being different on two sides, which is quiet different from the early reported bamboo-like nanotubes. 20 The outer wall on the right side of the CNT consists of a large amount of a͒ Author to whom correspondence should be addressed; electronic mail: apannale@cityu.edu.hk abruptly terminated and incomplete ͑002͒ graphite layers, as indicated by the white arrows. On the outer wall there are some small fin-like graphite protrusions ͑marked by doubleline arrows͒ stemming from the ''bamboo knots'' ͑the graphitic edges͒. These open graphite layers and graphitic fins gradually branched off and developed into the carbon nanoflakes.
It is well known that the tip structures of nanotubes and nanowires are closely related to their growth mechanisms and field emission properties. Thus, the structures of the tips in the present sample were carefully examined. Figure 3͑a͒ shows the tip of a thick CNT of 1 m in diameter. The tip indicated by an arrow is enclosed by a layer of carbon nanoflakes in the same manner as the nanotube stem in the structure. Analysis by energy dispersive x-ray spectroscopy mounted on the SEM showed that the tip consisted only of carbon. Figure 3͑b͒ shows the tip of a thin nanotube of about 35 nm in diameter. The bamboo-like structure with conical and hollow cores is clear in the tip. Apart from carbon, no any other elements on the tip were detected by electron energy loss spectroscopy done in TEM. The microstructure of the tips is enclosed by complete graphitic fringes as shown in the HRTEM image in Fig. 3͑c͒ . The small tip part also has a short bamboo-like structure due to graphitic fringes branching out of the nanotube wall.
The growth mechanism of the present CNTs appears considerably different from that of the smooth CNTs previously synthesized using CVD techniques. In the previously reported CNTs, metals generally present in the form of semispherical or conical islands as the nucleation sites of the nanotubes. In contrast, the present nanotubes might have a similar forming mechanism to that obtained by arc discharge methods in which metal catalysts are not necessary. But it should be noted that the nitrogen gas fed in the system was premixed with 1% H 2 S. Elemental sulphur has been found to have a catalytic effect in producing fibers in the absence of any Fe particles. 21 S not only serves as a growth promoter but may also be related to the growth mechanism of nanotubes. 10, 22 We have carried out a control experiment and found that no nanotubes can be deposited without the H 2 S gas. The sulfur or sulfide could act as a medium to participate in the present CVD process similar to the role of silicon mono-oxide in the synthesis of Si nanowires.
The present nanotubes have a high density of open graphitic edges and sharply edged nanoflakes, which are potential sites for field emission. Figure 4 shows the current density ͑J͒-electric field ͑E͒ characteristics of the present CNT film. The turn-on fields ͑defined as 0.01 mA/cm 2 ͒ were found to be independent of the anode-sample distance and in the range of 3.9-4.3 V/m. This value is comparable to that found for the smooth open-end CNTs. 16 The corresponding Fowler-Nordheim plots are shown in the inset of Fig. 4 .
CNTs have been shown to be a good reinforcing phase for structural composites. The present nanoflakes decorated CNTs might serve as a better reinforcing phase as they can provide a much larger contact area to the matrix and anchors at the interface of the matrix and the reinforcing phase, which may enhance the interfacial strength. The large surface area of nanoflakes may also find applications as electrode materials in fuel cells.
In summary, CNTs decorated with a high density of graphitic nanoflakes were prepared by hot filament CVD. The tips of nanotubes are capped by graphite layers without any metal catalysts. Sulfur-related mechanism may be responsible for the nanotube growth. The present CNT sample has a field emission turn-on field of about 4 V/m. The good field emission characteristics and special surface structure suggest that the present nanotubes might find applications as field emitters, a reinforcing phase in structural composites, or electrode materials in fuel cells. 
